Random digit dialing is used frequently in epidemiologic case-control studies to select population-based controls, even when both cases and controls are interviewed face-to-face. However, concerns persist about the potential biases of random digit dialing, particularly given its generally lower response rates. In an Atlanta, Georgia, case-control study of breast cancer among women aged 20-54 years, all of whom were interviewed face-to-face, two statistically independent control groups were compared: those obtained through random digit dialing (n = 652) and those obtained through area probability sampling (n = 640). The household screening rate was significantly higher for the area sample, by 5.5%. Interview response rates were comparable. The telephone sample estimated a significantly larger percentage (by approximately 7%) of households to have no age-eligible women. Both control groups, appropriately weighted, had characteristics similar to US Census demographic characteristics for Atlanta women, except that respondents in both control groups were more educated and more likely to be married. The authors conclude that households contacted through random digit dialing are somewhat less likely to participate in the household screening process, and if they are cooperative, some households may not disclose that age-eligible women reside therein. Investigators need to develop improved methods for screening and enumerating household members in random digit dialing surveys that target a specific subpopulation, such as women. Am J Epidemiol
weight, or cigarette smoking. In the second study, Aquilino and Wright (16) found that APS and RDD sample controls, all interviewed via telephone, did not differ substantially in terms of demographic characteristics or self-reported drug use.
Regarding coverage of household residents, Maklan and Waksberg (9) found fewer households with only one adult (a female) in their national RDD survey in comparison with the APS-designed Current Population Survey. Massey (10) found that RDD estimated 4.1 percent of households to have children aged [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] months, compared with estimates of 5 percent based on several APS surveys.
We examined these sampling methods using data from a case-control study of breast cancer in younger women. Our research provided us with a unique opportunity to compare two statistically independent control groups with each other and with data from the decennial US Census. We assessed whether two sampling techniques, RDD and APS, were equivalent in terms of 1) response rates to household screening and to face-to-face interview and 2) within-household coverage of younger women. Furthermore, we assessed whether RDD and APS gave results comparable to sample US Census data on the demographic and personal characteristics of these women.
MATERIALS AND METHODS

Case-control methods
The Women's Interview Study of Health (WISH) was a multicenter case-control study of breast cancer in younger women (aged 20-54 years) conducted during 1990-1992 in three counties of metropolitan Atlanta (Georgia), in Seattle (Washington), and in several New Jersey counties (17) . RDD was used to sample controls at all three sites. Since APS for controls was conducted only in Atlanta, all comparisons of RDD and APS were restricted to this site.
Procedures for selecting the RDD and APS control groups were as comparable as possible. Both control groups were frequency-matched to the anticipated age distribution of cases. The household screener question was the same for both procedures. The same personnel conducted face-toface interviews for all subjects, using identical survey instruments. Interviewees included 777 cases, 652 RDD controls, and 640 APS controls. Because there were few women of races other than White or Black, White women and women of other races were combined into the category "Nonblack." Furthermore, because few women were aged 20-29 years, analyses comparing RDD and APS interviewed women with US Census data were restricted to women aged 30-54 years (n ϭ 640 for RDD and n ϭ 626 for APS).
RDD methods
The Mitofsky-Waksberg technique (18) , using banks (clusters) of 100 telephone numbers, provided an equal probability sample of households; any household with k > 1 residential telephone numbers was subsampled with probability 1/k. No stratification of banks was used, and at the time one area code covered all three Atlanta counties. The screener question for county-eligible residences was: "How many women living in this household (including yourself) are 20 to 54 years old?" All age-eligible women were enumerated, and information on age, name, and address was requested. Subsequently, a sample was selected from the enumerated women; older women were assigned higher selection probabilities so that age frequency-matching to cases could be achieved.
APS methods
Standard multistage APS techniques were used to obtain an equal probability sample of housing units. Primary sampling units were block groups; 180 were selected. Secondstage units were segments (one or more blocks); we selected only one segment per primary sampling unit in order to maximize the geographic dispersion of the sample. After each segment was mapped and housing units were listed, a systematic random sample of approximately 24 housing units was selected.
After an explanatory letter was mailed to each sample housing unit, a female interviewer visited the household, asked the same screening question as that used in RDD, enumerated all eligible women by age and by name or initials, and requested the household's telephone number. A predetermined random selection scheme immediately indicated whether any enumerated women were selected for interview. Details on the APS and RDD methods are provided elsewhere by Brogan (19) and Denniston (20) .
Public Use Microdata Sample
The 5 percent Public Use Microdata Sample (PUMS) (21) from the 1990 US Census provided information on household composition and on female residents aged 30-54 years (age, race, marital status, education, number of livebirths, and household income). PUMS is a stratified random sample of 5 percent of US housing units and all persons residing therein; it contains questions beyond those on the standard Census form. PUMS is weighted so that household-or person-based estimates are consistent with the 100 percent Census data. Our PUMS sample size for the three counties was 27,124 households and 14,086 women aged 30-54 years.
Weighting methods for RDD and APS samples
Ordinarily, a population-based control sample is not weighted in case-control analyses of risk factors, although analysts may recognize clustering of subjects (22) . However, we weighted our RDD and APS samples so we could make inferences to the three-county area and compare the data with the PUMS data. The final survey weight for each interviewed woman is the number of women in the population whom she represents.
Standard sample survey weighting procedures were based on each sampling method's probabilities of selecting households and enumerated women. Internal (to the sample) weighting adjustments were made for nonresponse at the household screening and interview stages. We did not poststratify the RDD and APS samples to Census data, nor did we perform noncoverage adjustment for the RDD sample (7), since we wished to compare RDD and APS with PUMS.
Definition and analysis of response rates
The screening response rate is the percentage of households (occupied housing units or residential telephone numbers) with complete screening. "Complete" was defined as a response to the screener question and enumeration of all ageeligible women. "Partial screening," in which the names and/or addresses of age-eligible women were not given, occurred only in RDD. Partial screening was defined as not complete if a woman in the household was selected for interview but could not be located (23, 24) ; otherwise, it was considered complete. The interview response rate is the percentage of selected eligible women who were interviewed; some selected women were determined later to be ineligible because of age or county of residence. The overall survey response rate is the product of the screening and interview response rates. Chi-squared tests were used to compare the screening, interview, and overall survey response rates for the APS and RDD samples, using unweighted analyses and assuming all households and women to be statistically independent.
Definition and analysis of within-household coverage
A linear contrast was used to compare the APS, RDD, and PUMS samples according to their estimates of the percentage of households that had no women aged 20-54 years. The unit of analysis was the household for all three samples, with households being weighted and clustered in APS and PUMS (25) . Since the RDD contractor did not provide data with which to classify all RDD screened households by telephone bank (primary sampling unit), we accounted for the clustering of RDD households by using the design effect approach (4) . We estimated the variance of our RDD point estimate by assuming simple random sampling of households and then multiplied the simple random sampling variance by an assumed design effect of 2.0. The design effect for the RDD sample is unlikely to have been larger than 2.0, since the Mitofsky-Waksberg design tends to have small intracluster correlation coefficients (18, 23) .
Characteristics of women
For a given characteristic, we used weighted and clustered chi-squared analyses to test the null hypothesis that the RDD, APS, and PUMS samples made inference to the same population of women aged 30-54 years. If this null hypothesis was rejected, linear contrasts were used to determine which of the three samples differed from each other. For residential telephone coverage, only the APS and PUMS samples were compared. Analyses accounted for weighting as well as clustering of women in telephone bank, segment, and housing units for the RDD, APS, and PUMS samples, respectively. SUDAAN (26) was used for all weighted and clustered analyses of households or interviewed women.
RESULTS
Response rates
The APS screening response rate was 94.9 percent (3,150/3,318), with contact problems and refusal being the most common reasons for screening failure (table 1). Of the 802 women selected for interview in APS, 794 were eligible. The interview response rate was 80.6 percent (640/794), with refusal (n ϭ 105) being the most common reason for noninterview. The overall APS survey response rate was 76.5 percent (0.949 × 0.806).
The RDD screening rate was 89.4 percent ((4,572 ϩ 355 -42)/5,464), based on 4,572 complete screens and 355 partial screens (table 1). The most common reason for RDD screening failure was refusal (6.3 percent; 304 refusals to interview plus 42 incomplete partial screens). Of the 898 women selected for interview, 818 were eligible, yielding an RDD interview response rate of 79.7 percent (652/818); refusal (n ϭ 113) was the primary reason for noninterview. The overall RDD response rate was 71.2 percent (0.894 × 0.797).
In the RDD sample, 7.2 percent (355/4,927) of all household screenings were "partial," and 12.3 percent (355/2,894) of eligible household screenings were "partial." The partial screenings did not substantially lower the RDD screening response rate, because no women were selected for interview in most of those households.
The APS screening response rate was significantly higher ( p ϭ 0.001) than that of RDD by 5.5 percent (table 1) . Screening failure due to noncontact was somewhat higher in RDD (3.8 percent) than in APS (3.2 percent), and the screening refusal rate was significantly higher ( p ϭ 0.001) for RDD (6.3 percent) than for APS (1.7 percent). The interview response rates for the two samples were remarkably similar. Because of differential screening rates, the overall survey response rate was significantly higher ( p ϭ 0.001) for APS (76.5 percent) than for RDD (71.2 percent).
Within-household coverage for RDD, APS, and PUMS
The estimated percentages of households with no women aged 20-54 years were 41.3 (95 percent confidence interval: 39.3, 43.2) for RDD, 34.8 (95 percent confidence interval: 31.5, 38.3) for APS, and 33.5 (95 percent confidence interval: 32.9, 34.0) for PUMS. The APS and PUMS samples yielded consistent confidence intervals, but the RDD point estimate was higher and its confidence interval had no overlap with the APS and PUMS confidence intervals. In the linear contrast comparing the average of the APS and PUMS point estimates with the RDD point estimate, the result differed significantly from zero (z ϭ 5.33, p < 0.0001).
Compared with the APS and PUMS samples, the RDD screening process appears to have missed the identification of approximately 11 percent ((0.66 -0.59)/0.66) of eligible households. This drives up the cost of RDD by increasing the sample size of screened households, in effect "substituting" eligible households who identify themselves as such for those eligible households who identify themselves as ineligible. (table 3), and household income (table 3) .
The estimated percentages of women who had graduated from high school (the graduation rate) differed significantly among the three samples ( p < 0.0005): RDD ϭ 93.2 percent, APS ϭ 91.0 percent, and PUMS ϭ 88.1 percent (table 4) . Linear contrasts indicated that the RDD and APS rates did not differ significantly (z ϭ 1.05, p ϭ 0.29), but the PUMS graduation rate was significantly lower than the mean of the RDD and APS rates (z ϭ 3.71, p < 0.0002). Stratified analyses by race showed the same findings (table 4) , as did analyses of educational attainment as a multilevel ordinal variable (data not shown).
The estimated distributions of women by marital status differed significantly ( p < 0.0005) among the three samples (table 5 ). Linear contrasts indicated that RDD and APS did not differ significantly in terms of the estimated percentage of married women (z ϭ 0.12, p ϭ 0.90), whereas the PUMS estimate of 59.7 percent was significantly lower than the average (67.6 percent) of the RDD and APS estimates (z ϭ 3.03, p < 0.003). In analyses stratified by race (table 5), the samples differed significantly with regard to marital status for Nonblacks ( p < 0.0005) but not for Blacks ( p ϭ 0.30). Follow-up linear contrasts for Nonblacks showed the same results as those for all races.
The estimated percentages of women living in households with a telephone were 97.4 for PUMS and 97.5 for APS ( p ϭ 0.92); no statistically significant differences were found in analyses stratified by race. Thus, approximately 97 percent of women aged 30-54 years lived in households with a telephone (99 percent of Nonblacks and 94 percent of Blacks).
DISCUSSION
The findings of our study are consistent with other observations of a higher household screening rate in APS compared with RDD (27) . Our APS and RDD screening rates were close to or exceeded other rates reported (9, 15, 16, 23, 24) . Our face-to-face interview response rates were comparable for APS and RDD, and at 80 percent they compared favorably with those of similar studies (15, 23, 24) . Aquilino and Wright (16) obtained differential telephone interview rates for their RDD and APS samples (74 percent and 80 percent, respectively), which suggests a more favorable response from households that are first contacted in person rather than by telephone.
Several factors may have contributed to the higher screening rate with APS. First, household noncontact was somewhat larger in RDD than in APS, probably because of the increasing use of answering machines and caller identification and call blocking services (27) . Second, the screening refusal rate was substantially higher with RDD, similar to the findings of Aquilino (28) ; it is easier to refuse survey participation over the telephone than to an interviewer at your doorstep (27, 29) . Third, the contact with households by letter prior to the interviewer's visit may have made APS households more likely to be screened. As Groves and Couper (27) also reported, our interviewers believed that the (33) reported that the RDD screening rate was 16 percent lower when the full names of women aged 30-69 years were requested, compared with not asking for full names. This may have been a factor in our study, since the APS procedure accepted the initials of eligible women if the screening respondent was reluctant to give names. If a woman with initials only was selected for interview, the APS enumeration interviewer immediately requested her name. Probability sampling of women for interview at the time of RDD screening, rather than 1-3 months later as in our study, could reduce the need for identifying information such as name and/or address at RDD screening and increase the RDD screening response rate. Because we minimized the number of screening questions, we had limited data on nonscreened households and on households with no age-eligible women. Hence, it was not possible to determine whether the RDD/APS differential in screening rate was related to household characteristics such as race, household composition, or socioeconomic status. With increasing concern about privacy and personal security, the lower RDD screening rate, as well as the nonnegligible "partial" screening rate, may be partly attributed to reluctance to reveal household information over the telephone, particularly when questioned about younger (aged 20-54 years) female residents.
RDD estimated a significantly higher percentage of households to have no women aged 20-54 years (41 percent), compared with either APS or PUMS (35 percent and 34 percent, respectively). We conclude that RDD screening respondents underreport households that contain at least one woman aged 20-54 years. Our finding is consistent with that of Massey (10) for households containing young children in the National Immunization Survey and with that of Maklan and Waksberg (9) for adult females in a national survey. Massey (10) concluded that the RDD underestimation was due not to exclusion of households without a telephone but rather to failure of households to identify age-eligible children as a way of declining survey participation.
A possible alternate explanation for the higher percentage of ineligible households with RDD is that eligible households were overrepresented among the nonscreened households. If we make the extreme assumption that all RDD households refusing screening (n ϭ 304) were eligible, then the RDD screening response rate would have been 95.0 percent, and the estimated percentage of ineligible households would have been 38.9 percent (95 percent confidence interval: 36.9, 40.9); this confidence interval still lies above the PUMS confidence interval. Thus, this alternate explanation cannot totally explain the higher percentage of ineligible households found by RDD. Note that failure to answer honestly about household composition is not the same thing as refusing to provide screening information. In fact, failure to disclose age-eligible female residents of the household is likely to increase the apparent screening response rate, since the screening respondent is able to successfully complete the screen by providing false information, as opposed to refusing to participate in the screening process.
Although RDD estimates were always lower for percentage of women who were Black, most of the comparisons of RDD, APS, and PUMS with regard to racial distribution did not reach statistical significance, probably because of the large and moderate design effects in APS and RDD, respectively. The three samples differed consistently regarding education, overall and stratified by race, with RDD and APS being similar and yielding consistently higher high school graduation rates than PUMS. Perhaps less educated women were less likely to be identified in the household screening process or to agree to be interviewed, whether in RDD or APS. Madigan et al. (34) , in their study of RDD respondents and nonrespondents in the Women's Interview Study of Health, found respondents to be more highly edu- cated, supporting the possibility of an effect due to interview response. Among Blacks, there was no difference between marital status distributions estimated by the three samples. Among Nonblacks, however, RDD and APS were similar but estimated a significantly higher percentage of currently married women and a significantly lower percentage of single (never married) women than did the PUMS sample. Perhaps a greater reluctance of single Nonblack women to be screened and/or interviewed, whether sampled by RDD or by APS, could explain part of this difference.
Our study used Mitofsky-Waksberg RDD sampling, whereas list-assisted RDD sampling (35) is generally used today, because it is assumed to be less expensive and less difficult logistically. Our findings regarding response rates, within-household coverage, and characteristics of interviewed women should apply equally well to list-assisted RDD, for several reasons. First, list-assisted RDD, without truncation, has the same sampling frame coverage of residential telephone numbers as does the Mitofsky-Waksberg method. Second, list-assisted RDD, with truncation of zero banks, has minimum sampling frame undercoverage of residential telephone numbers (35) . Third, contacted households and individuals selected for interview are not aware of which RDD technique was used to reach them.
Although we were not able to make precise cost comparisons between RDD and APS, our impression is that the cost of APS sampling would compare favorably to that of RDD sampling in our situation. The relatively small geographic area of three adjacent metropolitan counties reduced the typical APS field cost of counting and listing housing units. In contrast, the small geographic area increased typical RDD sampling costs, because it was necessary to screen for only three counties in an area code that covered approximately Nonblacks χhalf of the state. Furthermore, the travel costs for face-toface home interviews were probably greater with the RDD sample, because the addresses tended to be more geographically dispersed in comparison with APS. RDD and APS are not the only methods that can yield a population-based sample for a case-control study. Other sampling frames include Medicare enrollees (for older persons), licensed drivers within a state, addresses with utility (electric, gas, or water) service, and address records at county property tax offices. The strengths, limitations, and costs of each potential sampling frame depend on many factors, including the size of the geographic area under study and the characteristics of the study population therein.
Our study had several strengths. It was designed so that the RDD and APS sampling and screening procedures were as identical as possible. Fieldwork was conducted in 1990-1992, allowing comparison with the 1990 US Census sample as an external standard. Our sample size of approximately 650 in each control group was much larger than that in the Washington State study (15) and, in addition, included a sizable minority population. However, our study was limited by being 1) restricted to only one metropolitan, southern geographic area, 2) restricted to women aged 20-54 years, and 3) unable to provide precise estimates of the cost differential between RDD and APS.
Even though list-assisted methods promise greater efficiency (11, 35, 36) , RDD sampling is becoming more difficult and expensive. Several secular trends in the United States have contributed to declining survey response rates (27) , particularly in the initial contact phase for RDD. These trends include: 1) more households containing single adults, 2) more households with all adults in the labor force, 3) the increased mobility of the population, 4) household residents' spending more time away from home, 5) increased time commitments of household members, and 6) increased hostility to telemarketers. Massey et al. (8) noted that only a small percentage of RDD surveys currently obtain a true overall response rate of more than 70 percent, and surveys that involve household screening have even lower overall response rates.
Furthermore, rapid changes in communication technology are having a dramatic impact on the cost of constructing and using RDD sampling frames. The proliferation of fax machines, beepers, home computers, and cellular/mobile phones means that the sampling frame contains a much larger percentage of nonresidential telephone numbers. A growing number of people possess only a cellular/mobile phone, so exclusion of cell phone telephone exchanges from the sampling frame results in noncoverage.
It is clear from this study and from several others (8, 13) that research is needed on improving the household screening and enumeration process in RDD, especially for surveys that require detailed information about household composition prior to the sampling of persons within the household (8) . Such research should separate the household contact phase (an adult answers the phone) from the household cooperation phase (an adult provides information on household composition), since different factors and approaches seem to be relevant. Groves and Couper (27) make a compelling argument for research on "tailoring" approaches to households in both the contact and cooperation stages, using any known information about the household to personalize repeated attempts to obtain contact and cooperation. It may be necessary for research on both RDD and APS to evolve in this direction so that scientifically acceptable response rates can be maintained.
